N-terminal cap, helices A, B, and C, the first turn of helix PYP is a very attractive system in which to study the D, parts of ␤ strands I and VI, and the 3 10 helix to which molecular basis of signal transduction since it underthe chromophore is covalently linked. We are interested in the high-energy chromophore conformations that harness much of the absorbed pho-*Correspondence: smander@midway.uchicago.edu
ton energy and the global structural changes that occur absorbed by the crystal while limiting laser-induced during the photocycle that might modify interactions crystal damage. Experiments were performed near room of PYP with its putative binding partner(s). In order to temperature to avoid freezing out the pattern of transient develop a comprehensive structural model of the PYP structural change. photocycle, significant effort was taken to collect accuThe extent of photoactivation in individual datasets rate, high-resolution, highly redundant crystallographic varied from ‫%6ف‬ to 34%, which made it difficult to data throughout the photocycle that could be used both interpret the progression of structural change throughto clearly visualize very short-lived intermediates and to out the data series. We circumvented this problem by reveal any small changes in tertiary structure. We report averaging datasets in reciprocal space at adjacent time here an extensive time-resolved crystallographic study delays to increase the signal-to-noise ratio, effectively on the E46Q mutant of PYP as it executes its photocycle, increasing data quality at the expense of a reduction in and identify both intermediate chromophore conformatime resolution. This extensive averaging reduced the tions and an unusual pattern of tertiary structural change.
impact of systematic and random errors, increased overall completeness, and led to difference electron density maps that are clearly more interpretable than Results and Discussion any single map (see Supplemental Data). We divided the datasets into eight time regimes (Table 1) ; the number of Directly Visualizing Structural Change A total of 54 time-resolved crystallographic Laue data time regimes and their temporal extent were chosen to produce a series of maps of comparable quality. Since sets (Srajer et al., 1996) were collected at 30 time delays spaced evenly in the logarithm of time from 10 ns to the the data exhibited only a slow evolution of structural change and relatively constant difference electron denend of the E46Q mutant photocycle (Table 1 ). All data were collected on crystals of comparable dimensions sity, the averaging procedure was particularly advantageous. This data series is also being analyzed by SVD and extend to an equivalent resolution, 1.6 Å (see Supplemental Data at http://www.structure.org/cgi/content/ in order to identify intermediate protein structures and their rates of interconversion (S.R. et al., unpublished full/12/6/1039/DC1). The photocycle was initiated by illumination with a 5-7 ns laser pulse; the laser energy was data). Although SVD has many advantages for interpretation of a time-resolved data series (Schmidt et al., titrated in order to maximize the number of photons . We refer to them as the pR and pB chromophore by averaging the 23 individual datasets from 10 to 500 conformations, since they have population dynamics ns, and the pB conformation was refined against the very similar to the corresponding spectroscopic interaverage of 15 datasets from 10 s to 3 ms. Although the mediates in solution (Meyer et al., 1987) . The pR chromophore conformation is the sole conformation present in the first three averaged maps, from 10 to 500 ns. Al- could be directly visualized and refined. The fact that The most striking structural changes evident in the first three maps, from 10 to 500 ns, are restricted to the mophore phenolate oxygen is clearly broken (Figure 5C ), distant from the chromophore. Changes in the chromophore conformation thus induce long-range changes in the protein tertiary structure, but our results show that they are not tightly coupled. The trans to cis isomerization of the PYP chromophore upon photon absorption occurs in much less than one nanosecond, a rapid motion that forces neighboring residues like Tyr42, Glu46, Thr50, Arg52, and Phe96 to move on a similar time scale. In contrast, we see that the indirect rearrangements initiated by rupture of the hydrogen bond network are much slower and follow a microsecond to millisecond time scale (akin to rates observed in protein folding [Englander, 2000] ). PYP therefore uses a rapid, lightdriven motion of a cofactor to introduce strain and thereby initiate much slower, but spatially more extensive, rearrangement of the surrounding protein.
Surprisingly, we observe the greatest spatial extent of tertiary structural change after the chromophore has reisomerized to trans and moved to its ground-state location. A few small difference electron density features remain in the chromophore binding pocket in the final map ( Figure 4H ). Since these features overlay the strongest difference electron density peaks created by the pB conformation ( Figure 4G ), they are likely to arise from a small, residual population of molecules whose chromophore remains in the pB conformation. The fact that tertiary structural changes significantly lag behind those at the chromophore implies it takes some time for the conformation and tertiary structure is especially apparent in the E46Q mutant because of its faster photocycle chromophore binding pocket (Figures 4A-4C ). There is compared to wild-type. The lifetime of the pB chromoa slight progression in the extent of structural change phore conformation is much shorter in the mutant (Figthroughout this pR time domain, but these changes beure 1), perhaps because the mutant does not have to come more apparent in the fourth map ( Figure 4D ), when reprotonate residue 46 in order to regain the ground the pB chromophore conformation begins to form. Alstate. Thus, the tertiary structural changes are still develthough the concentration of the pB chromophore conoping in the mutant when the chromophore reisomerizes formation first waxes then wanes in the final four maps to the trans ground state. This accounts for the observafrom 10 s to 30 ms, the spatial extent of tertiary struction that the E46Q mutant has a reduced extent of tertural change steadily increases (Figures 4E-4H 
Conclusion Data Processing and Refinement
Our time-resolved structural study on the PYP photoreAll indexing, integration, scaling, and merging was performed using ceptor has detailed a specific mode of signal transduc- species with a submicrosecond lifetime has been clearly visualized and accurately refined at room temperature.
